Agrobacterium tumefaciens is the causal agent of crown gall disease and is a vector for DNA transfer in transgenic plants. The transformation process by A. tumefaciens has been widely studied, but the attachment stage has not been well characterized. Most measurements of attachment have used microscopy and colony counting, both of which are labor and time intensive. To reduce the time and effort required to analyze bacteria attaching to plant tissues, we developed a quantitative real-time PCR (qPCR) assay to quantify attached A. tumefaciens using the chvE gene as marker for the presence of the bacteria. The qPCR detection threshold of A. tumefaciens from pure culture was 10 4 cell equivalents/ml. The A. tumefaciens minimum threshold concentration from root-bound populations was determined to be 10 5 cell equivalents/ml inoculum to detect attachment above background. The qPCR assay can be used for measuring A. tumefaciens attachment in applications such as testing the effects of mutations on bacterial adhesion molecules or biofilm formation, comparing attachment across various plant species and ecotypes, and detecting mutations in putative attachment receptors expressed in plant roots.
INTRODUCTION
Agrobacterium tumefaciens is the causal agent of crown gall disease. It is utilized as part of the process to create transgenic plants. The interaction between A. tumefaciens and the host plant for both begins with early stages that include chemotaxis and attachment and ultimately results in transfer of bacterial DNA into host plant cells (Lippincott and Lippincott 1969; Li et al. 2012) . The attachment of A. tumefaciens to plants has previously been measured through microscopy, plate counts and transformation assays (Matthysse, Holmes and Gurlitz 1981; Matthysse 1983; Zhang et al. 2006; Li et al. 2012) . Much of the previous research has focused on the bacterial factors affecting polar binding during attachment, but not on early plant-bacterial interactions (Lippincott and Lippincott 1969; Xu et al. 2012) . A fast, efficient and quantitative assay to measure attachment would be helpful in determining the extent of bacterial binding to the plant surface and subsequent aspects of plant-bacterial interactions.
Attachment analysis methods in crown gall disease predominantly focus on A. tumefaciens mutant strains attaching to plant targets (Matthysse, Wyman and Holmes 1978; Whatley et al. 1979; Matthysse, Holmes and Gurlitz 1981; Matthysse 1983; Smit et al. 1991; Gelvin 2000; Judd et al. 2005; Zhang et al. 2006; Rodríguez-Navarro, Dardanelli and Ruíz-Saínz 2007; Tomlinson and Fuqua 2009; Li et al. 2012; Xu et al. 2012 Xu et al. , 2013 . In addition to A. tumefaciens attachment to root cells, the bacteria also adhere to each other, and often form biofilms and clumps (Tzfira and Citovsky 2006; Heindl et al. 2014; Feirer et al. 2015) . This characteristic of the bacteria has made measuring attachment to plant surfaces a challenge because single cells cannot be easily separated and quantified (Matthysse 2014) . Measurements based on colony counting have long sample processing times and underestimate bacterial presence because cell clumps appear as only one colony-forming unit (Fig. S4 , Supporting Information). Counting cells attached to roots by microscopy is also labor and time intensive; the multidimensional structure of plant roots combined with the relative shallow focal depth needed to count bacteria, make it very difficult and limit accuracy. Moreover, binding is not uniform across the roots, and accurate cell counts require substantial lengths of roots and multiple individual roots (Matthysse, Jaeckel and Jeter 2008, unpub- lished data (manuscript is in preparation)). However, molecular tools can be applied to improve accuracy and expedite sample processing. It is possible to extract DNA from A. tumefaciens attached to plant roots, and this can reduce the complications associated with clumping that occur when colony counting. The measurement of attachment, using extracted DNA coupled with molecular analysis using qPCR, takes less time and is less labor intensive overall than colony counting (Matthysse, Jaeckel and Jeter 2008) . The assay developed in this study progresses towards a high-throughput measurement of host-pathogen interaction by avoiding the limitations of colony counting and microscopy.
Arabidopsis thaliana is a model plant that is susceptible to A. tumefaciens infection (Smit et al. 1991) . Agrobacterium tumefaciens readily attaches to the roots and root hairs of A. thaliana as observed by scanning electron microscopy ( Fig. 1) . The qPCR assay we describe here targets the A. tumefaciens chromosomal gene chvE, which is involved in virulence (Doty, Chang and Nester 1993) . The chvE gene is broadly present in the Rhizobiaceae family, though not all Rhizobiaceae contain the additional virulence factors that are required for crown gall disease or root-tumor formation. The chvE gene is present in the bacterial genome as a single gene copy; thus, the number of copies is equivalent to the number of genomes present, and in turn the number of cells present (cell equivalents, CE) (Nester 2000; Suzuki, Iwata and Yoshida 2001; Wood et al. 2001) . Measurement of chvE results in an assay targeted to A. tumefaciens, which is unlikely to be influenced by bacterial contamination in the laboratory, although there is a possibility of cross-reaction with closely related Rhizobiaceae if assaying roots from plants collected in the field (Galibert et al. 2001) . The goal of this assay is to quantify attachment of A. tumefaciens to Arabidopsis roots in a controlled experiment that models early stages of attachment.
MATERIALS AND METHODS

Agrobacterium tumefaciens attachment to Arabidopsis thaliana
In preparation for attachment analysis, A. thaliana plants were grown for 10 days on Murashige and Skoog plates (4.43 g Phytotech (Lenexa, KS, USA) MS salts +vitamins; 10 g sucrose; 0.5 g MES; 0.1 g myo-inositol; 10 g agar per L; pH 5.7 with the addition of 1M KOH) (Crooka et al. 2013 ). An overnight culture of A. tumefaciens was prepared in 2 ml of YEP media (10 g yeast extract; 10 g Bacto peptone; 5 g NaCl/l) (Murashige and Skoog 1962) . The A. tumefaciens culture was serially diluted in dH 2 O in increments of 1:10 from 10 8 to 10 2 cells/ml in a total volume of 1 ml. The cell concentration was determined using OD 600 measurements and a previously established standard growth curve (lab standard unpublished). The A. thaliana roots were cut to 0.5 cm segments, 10 segments were bundled with forceps and fully covered in bacterial dilution or dH 2 O for the control (Song et al. 2004 ).
The root segments and bacterial cells were incubated together in 1.5 ml tubes for 3 h with end-over-end rotation (Matthysse 1983; Sykes and Matthysse 1986) . In order to reduce the loss of cells loosely attached to the root segments, no rinse step was performed after the incubation; root bundles with bound bacteria then went through the DNA extraction process (Matthysse, Wyman and Holmes 1978) .
DNA extraction
Total sample DNA was extracted from samples inoculated with A. tumefaciens C58 at 10 8 cells/ml as measured by OD 600 . The
Mericon (Qiagen, Germantown, MD, USA) DNA extraction kit for Gram-negative bacteria was used to extract DNA by removing the inoculum and adding 100 μl of the Mericon kit extraction buffer to the remaining root bundles. A proprietary Qiagen (Germantown, MD, USA) internal control from the Quantifast + Internal Control kit (Cat #211 292) was added at 1 μl per sample. Samples were mixed by vortexing to ensure that all the roots were treated evenly with extraction buffer. Samples were incubated at 100
• C for 10 min and then cooled at room temperature for 2 min. This was followed by centrifugation for 5 min at 12 700 × g. After centrifugation, 50 μl of supernatant containing extracted DNA and extraction buffer was either immediately used for qPCR or stored at -20 • C. All DNA samples were evaluated for quality and quantity with a Thermo Fisher Nanodrop. DNA was diluted from 10 8 to 10 1 for use in the standard curve and all CE concentrations that were read above the no template control (NTC) were reported.
Primer and probe design
Primers were designed using the Amplify 3.1 software and tested using the primer BLAST targeting the chvE gene (Genebank: AE007869.2) for a final product that was 96 bp long. The probe was positioned no more than 30 bp away from either the forward or reverse primer, as required for hydrolysis probe qPCR (Table 1 ). The location on the gene was selected, and the hydrolysis probe was designed to have specific binding to the reverse complement of chvE (Fig. S9 , Supporting Information) (Bentley The table includes the sequences and annealing temperatures of the primers and probe used in the qPCR experiments. The final product is 96 bp long. The melting temperature for the probe is 20
• C higher than the primers as required for the protocol. Primers and probe were designed to have specific binding to the reverse complement of chvE. et al. 2002; Rhee et al. 2003) , which lowers the chance of having non-specific products. In addition, the primers and probe were tested in silico using Geneious 10.2.2 by mapping to chvE gene alignments of A. tumefaciens C58 as well as other bacteria known to be closely related to A. tumefaciens or also associated with plant roots. The chvE hydrolysis probe was detected on the green fluorescence channel using the 6-FAM fluorophore and the Black Hole Quencher 1 (BHQ1a-Q) (Eurofins-mwg-operon, Louisville, KY, USA). The internal control probe from the Qiagen PCR with Quantifast + Internal Control kit (Cat #211 352) was detected on the yellow fluorescence channel with a Qiagen proprietary fluorescence combination. Qiagen internal control DNA (Cat # 211 392) was included in all samples except the NTC. An internal control DNA-only sample was prepared with the extraction protocol as well. The assay was analyzed as a two-color qPCR.
To determine the best primer annealing temperature and specificity, whole-cell PCR was performed using the Qiagen (Germantown, MD, USA) HotStarTaq Plus PCR kit (Cat #203 643) with temperatures selected over a gradient from 55
• C to 58
• C. One microliter of bacterial concentration of 10 5 cells/mL, determined by OD 600 , was added as template for a final reaction volume of 25 μl. For each 25 μl reaction, 10 μl master mix; 5 μM primers; 10 ng whole cell culture template; 6.26 μl dH 2 O were used. The PCR products were analyzed by gel electrophoresis using a 1% gel run at 100 V for 45 min and stained with ethidium bromide. Imaging was done using the Fluorchem UV imager (Fig. S7 , Supporting Information). This primer set was used with the hydrolysis probe annealed at 55
• C for all of the qPCR runs.
qPCR reaction conditions
The master mix for qPCR was prepared for the extracted DNA samples according to the Qiagen (Germantown, MD, USA) PCR with Quantifast + Internal Control kit (Cat #211 352). Each 12.5 μl qPCR reaction included 2.5 μl master mix, 5 μM primers, 2.5 μM hydrolysis probe, 10 ng/μl template, 1.25 μl internal control dye and 6.26 μl dH 2 O. The qPCR was run on the Qiagen Rotor Gene Q instrument with an initial 5-min hold at 95
and then 50 cycles of denaturation at 95
• C for 15 s followed by annealing and extension at 55
• C for 30 s. The primers and probe were optimized using the MIQE guidelines (Matthysse and McMahan 2001) . Since qPCR has greater efficiency at lower template DNA concentrations in small volume reactions (Bustin et al. 2009) , the concentration of all samples were measured by Nanodrop (Thermo Fisher, Waltham, MA, USA) and diluted to 5 ng/μl of DNA. The samples were loaded at 2 μl per reaction making the final concentration 10 ng quantity of DNA for all reactions to reduce plant DNA interference (Fig. S14, Supporting Information) . A plant-only control was included in the sample set. All samples for qPCR were done in three separate inoculations and DNA isolations to produce biological replicates. Each of the biological replicates was analyzed as a technical triplicate to control for variability in the small reaction volumes.
Standard curve design
Quantitative measurement of bacterial DNA CE with this qPCR assay was compared with cell concentration determined by OD 600 , and this was used to generate a standard curve using the Qiagen Rotor Gene Q 2.01 software. Agrobacterium tumefaciens cultures were diluted to a concentration range of 10 8 to 10 2 cells/ml. DNA from the bacterial samples was extracted and processed through the qPCR assay to show the lowest concentration (10 2 cells/ml) was 3.3 Cq (the quantification cycle for the threshold point of fluorescence) above the NTC Cq (Doty, Chang and Nester 1993; Lorenz 2012) (Fig. 2) . The regression line for the standard curve was y = -3.2x+ 38 with a standard error range of 0.2 on the slope, indicating the efficiency range, and a standard error range of 1 on the y-intercept. The R 2 for all analyses performed averaged 0.98 ± 0.01 (Fig. S3 , Supporting Information). The efficiency for the curve was 1.25 because of the background fluorescence of the internal control. The Qiagen internal probe caused some interference at inoculum concentrations <10 5 cells/ml from fluorescence bleed-through, which raised the limit of detection.
Internal controls
In addition to the experimental controls, the extraction and PCR steps included an internal control (Qiagen Quantifast Pathogen +IC kit; Cat #211 292). The internal control has a standard Cq that all samples can be compared to as a loading control. The internal control DNA was added (1 μl) prior to extraction of the DNA from the A. tumefaciens cells attached to the roots. This calibrates for both extraction differences and loading variation between samples. The internal control acted as a calibrator for all samples because the Cq was set at 30 for all samples (following manufacturer protocols). Using the internal control and at least two known template DNA concentrations, such as 10 8 and 10 7 CE as standards, the CE of the target gene in samples can be determined. This CE value equals to the number of cells attached to the plant roots in the sample. Sample Cq values were normalized to the internal control and the Qiagen RotorGene Q 2.01 software calculates the CE/ml according to the standard curve generated by experimental controls. All standards and information requirements for qPCR outlined in MIQE were fulfilled (Matthysse and McMahan 2001) . Average and standard deviation for biological replicate reactions were calculated manually in Excel. Statistical analysis was done on the samples using a t-test to determine the P-value. For all of the analyses with plant roots, the internal control measurement background value was calibrated for all samples to account for pipetting variation and background fluorescence caused by the Qiagen internal control. 
RESULTS
A qPCR assay was developed to quantify attachment of Agrobacterium tumefaciens to plant roots. Using gradient PCR analysis, a primer annealing temperature of 55
• C was identified as optimal. There were no secondary bands resulting from non-specific primer binding (Fig. S6, Supporting Information) . The blank sample containing the internal control was used to show background and fluorescence bleed-through. The NTC was consistently negative (Fig. 3) . There was some non-specific binding of the primers to other bacteria, by sequence alignment, within the Rhizobiaceae family when examined in silico; there is enough sequence similarity for the primers to bind and potentially amplify a product (Fig. S10, Supporting Information) . Select root-associated microbes did not amplify during traditional PCR specificity testing, with the exception of Sinorhizobium meliloti Rm1021 which produced a product of the same size (Figs S11 and S13, Supporting Information). However, it is unlikely that bacteria other than the target Agrobacterium strain would be present during controlled laboratory attachment assays if standard protocols to prevent contamination are observed. The detection threshold of the assay was determined through serial dilutions of A. tumefaciens. Of the measured inoculum concentrations, 10 8 cells/ml to 10 5 cells/ml showed consistent (significant P < 0.05 using the t-test) CE measurements above the internal control. Agrobacterium tumefaciens inoculum at 10 4 cells/ml and below produced CE measurements too low to be detected above the internal control fluorescence background (Fig. 3) . This suggests that a variation of more than 10 4 CE is required to show an attachment deviation from the A. tumefaciens wild type. An inoculation concentration range of 10 8 through 10 5 cells/ml is optimal to effectively measure differences between samples as inoculum concentrations greater than 10 8 cells/ml may interfere in qPCR because of high DNA concentration.
To identify the detection threshold for A. tumefaciens attachment to A. thaliana, plant roots were inoculated with several concentrations of bacteria. After a 3-h attachment incubation period, the DNA was extracted from the roots and measured by qPCR. The bacterial attachment concentration was different than the inoculum concentration because only a fraction of the inoculum bacteria bind to the root segments (compare Fig. 4 to Fig. 3) . The A. tumefaciens-only samples were used as a calibration control. The inoculation concentrations of 10 7 through 10 5 cells/ml gave CE readings with the least variability in The internal control measurement calibrated for all values to account for loading and background fluorescence. The P-value is noted a * is less than 0.05 and * * is less than 0.005. attachment while remaining statistically significant. The A. thaliana only control showed background fluorescence from autofluorescent plant fragments and plant DNA that transferred with the template (Fig. 4) .
DISCUSSION
This qPCR assay offers a more efficient method for measuring attachment quantitatively compared to the previously used methods of microscopy and colony counting. Previous attachment analyses have been determined directly by microscopy, which is laborious. Compared to this assay, which takes 1 day when starting from bacterial culture, plate counts, or indirectly by measuring transformation take days or weeks (Matthysse, Wyman and Holmes 1978) . The qPCR assay produced reproducible results in attachment at concentrations at and above 10 5 cells/ml. The current assay was developed to measure Agrobacterium tumefaciens attachment to roots under laboratory conditions. For samples collected from the field, cross-reaction may occur with closely related bacteria and in these cases speciesspecific probes would need to be developed.
This quantification assay does have limitations because of the level of variation at the lower concentration range. The interaction of the bacteria with the plant roots in the protocol influenced the sensitivity of the qPCR assay compared to bacterial DNA alone. The change in sensitivity was most likely due to the inhibitory presence of a high concentration of DNA, predominately plant root DNA that was extracted simultaneously with the target bacterial DNA. In ideal conditions, the number of bacterial cells attached to the plant roots would outnumber the plant cells. However, even with a relatively high ratio of bacteria to plant cells, the A. tumefaciens C58 genome (5.6 Mbp) is 24 times smaller than the Arabidopsis genome (135 Mbp), and as a result the total DNA extracted from roots bound by bacteria is predominantly plant genomic DNA (The Arabidopsis Genome Initiative 2000; Wood et al. 2001; Svec et al. 2005) . There is also variation in hydrolysis probe measurements because of probe degradation over time and variability in the probe batch preparation, despite consistent reaction conditions (Lorenz 2012; VanKempenFryling and Camper 2017) . The template DNA samples contain cellular debris and plant DNA, which can also contribute to a higher background and make it difficult to differentiate between attachment levels at lower inoculation concentrations. This lowers the sensitivity of the assay, as seen by the plant autofluorescence background (Fig. 4) . When this occurs, an inoculation concentration above the background for the sample set should be chosen, if working in a controlled environment. This is accounted for in the assay with more concentrated initial inoculations to show differences above the background. Future work to improve the extraction protocol and reduce bleed-through from the internal control fluorescence will improve assay sensitivity. If adapting this protocol to work with environmental samples, it may be necessary to collect a larger sample volume for DNA extractions in order to successfully quantify bacterial attachment above the background.
The standard curve for the attachment of A. tumefaciens facilitates future controlled experiments, such as work with bacterial attachment mutants or with Arabidopsis mutants with differences in transformation efficiency. By developing an improved quantification method for bacterial attachment, it may now be possible to more easily investigate the role of the plant cell wall in attachment (Zhang et al. 2006) . For example, this qPCR attachment assay could be used to verify which Arabidopsis factors are involved in the attachment process when working with gene knockouts (Feirer et al. 2015) . Studies in this direction can help identify bacterial binding sites in plants, and molecules acting as adhesins in the bacteria (Smith and Osborn 2009 ). This information can be used to select for high attachment A. tumefaciens strains, which could facilitate plant study through transformation with T-DNA, or to identify high attachment low transformation mutants. A further application of this assay could be to identify binding sites through quantifying successful A. tumefaciens attachment to plant mutants. The goal of applying this assay is to develop agriculture treatments that prevent crop infection and crown gall disease.
